Complex II (SdhABCD) is a membrane-bound component of mitochondrial and bacterial electron transport chains, as well as of the TCA cycle. In this capacity, it catalyzes the reversible oxidation of succinate. SdhABCD contains the SDHA protein harboring a covalently bound FAD redox center and the iron-sulfur protein SDHB, containing three distinct iron-sulfur centers. When assembly of this complex is compromised, the flavoprotein SDHA may accumulate in the mitochondrial matrix or bacterial cytoplasm. Whether the unassembled SDHA has any catalytic activity, for example in succinate oxidation, fumarate reduction, reactive oxygen species (ROS) generation, or other off-pathway reactions, is not known. Therefore, here we investigated whether unassembled Escherichia coli SdhA flavoprotein, its homolog fumarate reductase (FrdA), and the human SDHA protein have succinate oxidase or fumarate reductase activity and can produce ROS. Using recombinant expression in E. coli, we found that the free flavoproteins from these divergent biological sources have inherently low catalytic activity and generate little ROS. These results suggest that the iron-sulfur protein SDHB in complex II is necessary for robust catalytic activity. Our findings are consistent with those reported for single-subunit flavoprotein homologs that are not associated with iron-sulfur or heme partner proteins.
and an iron-sulfur protein SdhB (ϳ27 kDa) containing three distinct iron-sulfur centers. This domain catalyzes the reversible oxidation of succinate at the FAD cofactor. Following complex II assembly, the SDHAB subcomplex is permanently associated with the membrane via two transmembrane subunits, SDHC (ϳ15 kDa) and SDHD (ϳ10 -13 kDa). Together, these membrane anchor subunits ligate a b-type heme. Further an active site for quinone oxidoreduction is located at the interface of the SDHB, SDHC, and SDHD subunits (3) (4) (5) (6) .
Critical to the function of complex II is its correct assembly, and alteration of complex II assembly or activity has a number of clinical manifestation (7) . Although the majority of diseaseassociated mutations of complex II have been found in the SDHB and SDHD genes (8) , missense or nonsense mutations of either the structural subunits of the four identified assembly factors or eukaryotes (9 -12) have been associated with pheochromocytoma and paraganglioma tumors, renal cell carcinomas, and gastrointestinal tumors (13) (14) (15) (16) (17) (18) . Many of these mutations result in severe assembly defects and lead to accumulation of the free SDHA flavoprotein in the mitochondrial matrix (9, 12) .
Notably, when electron transport is impaired in intact complex II, the FAD cofactor can generate significant quantities of reactive oxygen species (ROS) (19 -21) . In a mouse model with a SDHC mutation, this oxidative stress causes neurological defects and increased tumorigenesis (22) . It has been postulated that the unassembled flavinylated SDHA subunit may also be a source of ROS (11, 12) . Although it has never been directly demonstrated whether unassembled SDHA has any catalytic activity or is associated with significant ROS generation, this could explain how the diseases associated with complex II misassembly might differ from those associated with assembled complex II containing missense mutations. Such information will be useful to differentiate whether a pathological phenotype is due to SDHA accumulation or cell wide consequences caused by impaired complex II activity.
It is well known that gammaproteobacteria such as E. coli encode two complex II homologs that are excellent model systems for the mitochondrial enzyme (2) . Aerobically E. coli expresses succinate:quinone oxidoreductase (SQR, SdhABCD, bacterial complex II), whereas anaerobically a membranebound quinol fumarate reductase (QFR, FrdABCD) is utilized in the anaerobic respiratory chain with fumarate as the terminal electron acceptor. Many studies have shown that both models recapitulate the catalytic and structural properties of the mammalian enzyme (1-6, 23, 24) .
Therefore, in the current communication, we have investigated the catalytic properties and ROS production by the free flavoprotein subunit of complex II. This information is lacking from either eukaryotic or prokaryotic sources. We have used as models for this study the human SDHA (hSDHA) flavoprotein and the E. coli SdhA and FrdA flavoproteins. Our findings suggest that the free flavoprotein of complex II is unlikely to be a significant source of ROS because of its inherently low catalytic activity.
Results

Isolation of the free flavoprotein subunits of complex II
To express E. coli SdhA or the FrdA flavoproteins in the absence of their other structural subunits, we took advantage of E. coli strain RP-2 (Table 1) , which harbors a knockout of sdh-CDAB and frdABCD. Plasmids pCA24N-SdhA and pCA24N-FrdA (Table 1) are then used to express and purify the soluble N-terminal His-tagged SdhA or FrdA subunits (Fig. 1A) . To obtain human SDHA (herein noted as hSDHA) that could be used for catalytic analysis, we utilized a synthetic hSDHA gene sequence optimized for expression in E. coli. The optimized hSDHA was cloned into an expression vector (Table 1) and transformed into E. coli. In agreement with previous studies, we found that flavinylation of hSDHA is not supported by the E. coli flavinylation assembly factor SdhE and instead requires the human homolog of this assembly factor, SDHAF2 (9, 25) . Therefore, we used a polycistronic expression vector to coexpress hSDHA and hSDHAF2 (Table 1) as described under "Experimental procedures." When both proteins are coexpressed, a fully flavinylated His-tagged hSDHA protein can be visualized and isolated (Fig. 1A) . The hSDHA protein was validated by MS and Western blotting analysis using a mAb against hSDHA. Interestingly, the isolated hSDHA protein remained tightly associated with hSDHAF2 ( Fig. 1A) . This protein complex is consistent with observations in Saccharomyces cerevisiae where a preassembly complex of ϳ90 kDa consisting of yeast SdhA and Sdh5 (the homolog of SDHAF2) is observed (9) . As shown in Fig. 1A , treating the hSDHA-SDHAF2 complex with 1 M guanidine hydrochloride removed greater than 85% of the associated assembly factor from the hSDHA flavoprotein. The detailed purification protocol is outlined under "Experimental procedures."
Previously we had shown in the E. coli system, the binding of the covalent flavinylation chaperone SdhE to FrdA had only minor effects on the binding of fumarate to the protein (26) . As shown in Fig. 1B , the as-isolated hSDHA-SDHAF2 complex demonstrates typical spectral characteristics (366 and 458 nm absorbance) of a flavin containing protein, and the spectra are not altered by removal of SDHAF2 (Fig. 1C ). The insets in Fig. 1 (B and C) show difference spectra indicating that the addition of fumarate causes a spectral shift similar to that we previously found for E. coli FrdA or SdhA (26, 27) . Also in agreement with our previous studies of FrdA (26) , spectral titration of fumarate binding to hSDHA showed that hSDHA retains its interaction with substrate when bound to SDHAF2 (K d ϭ 140 M; Fig. 1B ) or when it is in its free form (K d ϭ 100 M; Fig. 1C ). Overall these data suggest that the heterologously expressed hSDHA protein is flavinylated and binds dicarboxylates similar to its bacterial counterparts.
Catalytic properties of the flavoprotein subunit of complex II
Succinate/fumarate interconversion by complex II enzymes is considered to be a reversible process (23, 28, 29) . Catalysis is suggested to proceed via a hydride transfer between the N5 of the flavin and C3 of the substrate and proton exchange at the substrate C2 with a catalytic arginine (28, 30) . Assembled mammalian complex II and the E. coli SQR and QFR homologs are all characterized by high rates of succinate oxidation with ubiquinone or artificial electron acceptors. Typically, the maximum dehydrogenase activity of complex II is determined with an electron mediator such as phenazine ethosulfate in the presence of a final electron acceptor like 2,6-dichloroindophenol (DCIP). The steady-state kinetic analysis of the purified mammalian and bacterial SdhA and FrdA flavoproteins showed a 300 -1000-fold lower succinate dehydrogenase activity when compared with the corresponding fully assembled complexes Table 2 ). The steady-state k cat app of ϳ0.15 s Ϫ1 was detected with DCIP as electron acceptor and was not stimulated in the presence of phenazine ethosulfate. The rates of the reactions remained the same under either aerobic or anaerobic conditions, indicating that there is no significant leak to oxygen during the reaction.
The rate of FAD reduction by succinate in assembled complex II enzymes is much faster than k cat app and has never been reliably determined because of instrumental and experimental limitations (i.e. the mixing time exceeds the rate of FAD reduction and inherent difficulties in removing tightly bound oxaloacetate from the active site). Direct monitoring of flavin reduction in the unassembled flavoproteins is possible because of the lack of spectral interference from other complex II redox cofactors (i.e. iron-sulfur centers and b heme). Therefore we examined the direct reduction of FAD by succinate to investigate whether the low k cat app was due to an inherent slow rate of reduction of the FAD or because DCIP is a poor electron acceptor for the unassembled flavoprotein. As shown in Fig. 2A , both bacterial and human flavoproteins are redox-active with succinate/ fumarate as followed by optical changes of the flavin at 460 nm. The observed monophasic rates of FAD reduction by succinate in the flavoproteins were found to be similar (ϳ0.14 Ϯ 0.02 s Ϫ1 ; Fig. 2A , panels a-c). Moreover, the rate constants were not affected when the reaction was performed under anaerobic conditions (data not shown). Fig. 2B demonstrates the reaction of fumarate reoxidation of the dithionite reduced bacterial FrdA and SdhA. This reaction was performed anaerobically as the dithionite-reduced form of the flavoproteins, which are free of dicarboxylates can be reoxidized by oxygen (i.e. when a dicarboxylate is present at the active site this reoxidation is inhibited (19, 20) ). The observed rates of ϳ0.15 Ϯ 0.02 s Ϫ1 of flavin reoxidation by fumarate (Fig. 2, A and B) are also consistent with the steady-state rate of the BV ϩ -fumarate reductase reaction ( Table 2) , indicating that in the unassembled flavoprotein the reaction of succinate-oxidation and fumarate-reduction are equally impaired.
ROS production by isolated complex II flavoproteins
Oxygen is known to react with reduced complex II and produce superoxide and H 2 O 2 . With succinate as an electron donor, mammalian and bacterial SQRs produce mostly superoxide with maximum rates at ϳ50 M succinate (20, 21) . E. coli QFR emitted predominately superoxide at low and H 2 O 2 at high succinate concentrations (19) . FAD is the most plausible site for protein interaction with oxygen in these complexes based on the ability of high substrate concentrations to suppress reactive oxygen species formation (19 -21) . Thus, there is a high probability that the isolated reduced flavoproteins might be especially reactive with oxygen in the absence of the other subunits. Given that we observed a tight association between hSDHA and SDHAF2 ( Fig. 1A ) and previous observations in yeast (9) , it is likely that in vivo hSDHA-SDHAF2 would be found in a complex in the mitochondrial matrix. Nevertheless, when testing whether the proteins could produce ROS, we assayed the purified hSDHA both essentially free of SDHAF2 and with tightly associated SDHAF2. We also compared the activity to what we observe for E. coli SdhA and FrdA. We found that there was no detectable reaction observed for either the bacterial or human isolated flavoproteins with acetylated cytochrome c, indicating a lack of detectable superoxide production. In contrast, all three proteins had low but detectable levels of H 2 O 2 production with the highest rates observed at 50 M succinate (Table 3 ). Higher concentrations of succinate suppressed this H 2 O 2 production, as would be expected if the flavin is the site of oxygen reactivity (19) . The hSDHA with tightly associated SDHAF2 also showed no detectable reaction with oxygen, which is not surprising because of the dramatic effect that this association has on FAD reduction by succinate ( Fig. 2A, panel d) . The unassembled flavoproteins are also The blue spectrum is the as-isolated complex, and the black spectrum is in the presence of 9 mM fumarate. The spectra were recorded in 50 mM BTP (pH 7.0). The concentration of hSDHA was 7.8 M. The inset shows the fumarate induced difference spectrum. The lower inset shows the optical titration of fumarate binding using the absorbance at 505-451 nm as previously described (26) . C, visible absorbance spectra of free hSDHA following guanidine HCl treatment. The spectrum of the ligand free hSDHA (5.2 M) is shown (blue line) and in the presence of 4 mM fumarate (black line). The inset shows the fumarate induced difference spectrum (top) and the optical titration of fumarate binding using 508 -455 nm (bottom).
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highly overexpressed (ϳ10 -20 mg protein/L-cell culture) without having any effect on cell growth. We also examined H 2 O 2 production in E. coli cellular extracts where we added the purified FrdA or SdhA proteins to see whether there was an endogenous cellular component that might stimulate ROS formation. There was, however, no change in H 2 O 2 production beyond the low basal H 2 O 2 activity shown in Table 3 even with the addition of 50 M to 2 mM succinate. Thus, it appears unlikely that the isolated flavoprotein subunit would be a major source of damaging ROS in situations where assembly is compromised.
Characterization of the flavoproteins
Because there seems to be no a priori reason for the flavoprotein subunits to have such a low catalytic activity, we next ruled out several reasons for this loss of catalysis. First, we investigated whether the flavoprotein subunits could be bound to an inhibitor molecule. Membrane-bound complex II, as isolated, contains a tightly bound dicarboxylate inhibitor (oxaloacetate) that must be removed to achieve maximal initial activity (31) (32) (33) . The soluble domain of complex II (SdhAB/FrdAB), however, is isolated free of this metabolic inhibitor and does not require preactivation to achieve the full rate of catalysis (34) . Each of the free flavoproteins, like soluble SdhAB or FrdAB, however, showed maximal activity as isolated. This would suggest that the dicarboxylate-binding site is free of bound inhibitor and that bound oxaloacetate is not the reason for the inherently lower activity.
Next, we questioned whether aspects of the construct were interfering with catalysis. The flavoproteins were constructed with an N-terminal His tag. Previous work showed that a His tag does not interfere with covalent flavinylation of the proteins (27, 35) . This indicates that the proteins are folded correctly for interaction with the SdhE chaperone and that the His tag does not affect active site preorganization for self-catalytic FAD attachment (9, 11, 25, 27, 35) . Nevertheless, we investigated whether the presence of the N-terminal His tag might be the reason for the low activity of the isolated flavoproteins. We thus compared the kinetic properties of the purified N-terminal Histagged FrdA and WT untagged FrdA. The rationale for focusing on E. coli FrdA for this experiment is that WT FrdA is highly expressed anaerobically under control of the natural FRD promoter in E. coli RP-2 ( Table 2 ) deleted for both frdABCD and sdhCDAB. The WT FrdA protein can also be purified by conventional ion exchange chromatography (27) . Isolated WT FrdA shows the same rates for succinate oxidation and fumarate reduction as shown in Table 2 and Fig. 2B as the His-tagged counterpart. The proteins were also equally stable from multiple freeze/thaw cycles and prolonged incubation at ambient temperature. These data suggest that N-terminal His tag does not affect the folding, covalent flavinylation, or catalytic properties of the flavoprotein. As a result, the low activity is likely an inherent property of all complex II flavoproteins in the absence of the other complex II subunits.
One factor that was important for analysis of catalytic activity in the unassembled flavoproteins was the presence of the chaperone involved in covalent flavin assembly. Consistent with previous findings for the effect of SdhE on catalytic activity of FrdA (26), we found that SDHAF2 inhibited flavin reduction and reoxidation by hSDHA ( Fig. 2A, panel d) . As noted in Fig.  1A , the as-isolated hSDHA protein was in a tight complex with SDHAF2 requiring mild chaotropes to separate the two proteins. The association between the hSDHA and SDHAF2 appears to be much stronger than binding of SdhE to the bacterial flavoproteins where this association has K d values of 0.7 M for bacterial FrdA and 1.5 M for bacterial SdhA (26) . Thus, one major difference between the bacterial and mammalian assembly factors is that the former is readily removed from the flavoprotein, whereas the mammalian complex is tightly bound.
Kinetic isotope and pH profiles of isolated FrdA and SdhA
In intact complex II catalysis includes the transfer of two protons between the substrate and the protein, as well as proton delivery from the bulk solvent to reprotonate the catalytic arginine. Therefore, because of the multiple sites anticipated to be involved in proton exchange, we investigated the pH dependence and kinetic isotope effects of the succinate dehydrogenase reaction. We had previously determined the pK a of the intact SQR and QFR complexes to be ϳ7.5 with the rate enhanced as the pH increases (23) . We found the same for the isolated SdhA and FrdA subunits, although the pK a had shifted to ϳ8.0 for both flavoproteins (data not shown).
Previous studies of succinate dehydrogenase and fumarate reductase homologs have observed substrate and solvent kinetic isotope effects (36 -38) . Therefore, we compared the suggests efficient proton exchange with the bulk solvent likely with minimal sites involved. Overall the kinetic isotope and pH analytic data suggest that the free flavoprotein subunits and the intact membrane-bound complexes behave similarly in these reactions.
Redox properties of the flavin
We also investigated other properties associated with the flavin of SdhA and FrdA testing the possibility that altered redox properties of FAD, such as changes in the E m in the unassembled flavoproteins that might lead to the reduced catalysis. As seen in Fig. 3 (A and B) , spectroscopic titration of the FAD reduction potential using the dye indigotetrasulfonate yield an E m,7 FAD in the range of Ϫ51 to Ϫ55 mV. This is in good agreement with the potential of the FAD found by protein film voltammetry for the soluble E. coli FrdAB (Ϫ50 mV) form (34) or by electron paramagnetic spectroscopy in the mammalian or bacterial SQR complex (Ϫ79 to Ϫ100 mV, respectively) (39, 40) . The FAD reduction achieved with succinate ( Fig. 2A) , however, may indicate that the flavin potential is influenced by substrate binding. Indeed analysis of the E m,7 FAD by equilibrium with the fumarate/succinate couple (Fig. 3C ) showed that both FrdA and SdhA had the redox potential raised in the presence of the dicarboxylates to ϳ0 mV. This effect of succinate/fumarate binding raises the redox potential of the FAD by ϳ50 mV, an observation that is consistent with previous reports for mammalian SQR (39, 41). Hydrogen peroxide production by the flavoprotein subunits of complex II
The reaction was measured at pH 8.0 at 30°C with Amplex UltraRed as described under "Experimental procedures." The data represent the mean of three independent measurements with the error within 10% of the values. ND, not detectable. 
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Discussion
Complex II is an essential component of the mitochondrial electron transport chain and citric acid cycle. In humans a number of diseases are associated with dysfunction of complex II (7, 8, (13) (14) (15) (16) (17) (18) 42) . The majority of the complex II defects associated with disease are associated with mutations in the SDHB and SDHD genes (8) . Mutations in these genes can lead to a situation where the SDHA flavoprotein subunit can remain free in the mitochondrial matrix (9, 11, 12) . It has been postulated that this free SDHA flavoprotein might have off-pathway reactions such as ROS formation (12) that could contribute to the disease phenotype. In this communication we characterized the catalytic activity of the free flavoprotein subunit of complex II from both bacterial and mammalian sources. This information is useful to determine whether diseases associated with altered assembly of complex II might result from excess ROS produced by matrix localized SDHA or whether other metabolic deficiencies caused by a loss of complex II catalytic activity are the likely cause.
The flavoprotein of complex II is comprised of two structural domains consisting of a flavin-binding domain and a capping domain (3-5, 43, 44) . Movement of the capping domain relative to the flavin domain is involved in orienting dicarboxylate substrates near the isoalloxazine ring of the FAD to allow succinate/fumarate interconversion. The catalytic mechanism for the complex II family of proteins is well established (28, 43) and involves two key steps. One step is hydride transfer between the substrate and flavin N5. The other step is a proton transfer between a conserved catalytic arginine (E. coli FrdA R287 , SdhA R288 , and hSDHA R340 ) and the substrate (Fig. 4A ). Whether these reactions occur in a concerted or stepwise manner is not clear; however, both of these steps require precise alignment of substrate along the isoalloxazine ring of the FAD (28, 45, 46) and close proximity to the catalytic arginine. In addition, the associated reaction of proton delivery to the catalytic arginine and protonation/deprotonation of N5 coupled with FAD reduction/oxidation may also be critical and influence the overall turnover. Tables 2 and 3 and Fig. 2 show that the catalytic properties of the human and bacterial flavoprotein subunits are remarkably similar. All have decreases in their catalytic rate of succinate oxidation and fumarate reduction of 2-3 orders of magnitude when compared with either the two subunit SdhAB subcomplex or the intact four subunit complex II. Moreover, these isolated flavoprotein subunits have minimal ROS production.
The data in
Although the dramatic decrease in activity initially seems surprising, it is comparable to what is observed in naturally occurring single-subunit complex II flavoprotein homologs. For example, the L-aspartate oxidase (LASPO) from E. coli (47, 48) is a particularly well characterized single subunit flavoprotein homolog of FrdA/SdhA with 100% conservation of all critical residues needed for complex II catalysis. The mechanism for coupling FAD reoxidation to fumarate reduction is therefore suggested to be similar to fumarate reduction by complex II enzymes (28, 48) . However, there are also differences: LASPO contains only a low-potential noncovalent FAD (48) as its single redox cofactor, and it catalyzes oxidation of L-aspartate to imino-aspartate (49) . The L-aspartate-fumarate reductase activity using BV ϩ is reported in the range of ϳ0.3 s Ϫ1 (pH 8, 25°C) (49) , which is similar to the low activity described here for SdhA/FrdA. Thus, the low activity we find for the free SdhA/ FrdA subunits as compared with complex II is consistent with that found for the native LASPO.
The mechanistic basis for this dramatic decrease in catalysis is somewhat difficult to understand. One possibility is that the flavoprotein is not fully folded in the absence of the other complex II subunits. Our data indicate that this scenario is unlikely. First, the active site appears to be intact because the flavoprotein is able to incorporate its covalent FAD cofactor. Moreover, the finding that the redox potential of the FAD is unaffected in the free flavoprotein subunits (Fig. 3) indicates that the protein environment immediately adjacent to the flavin is preserved. Further, these isolated flavoproteins can bind to dicarboxylates with reasonable affinity (26) (Fig. 1, B and C) . The substrates are also likely to be oriented correctly, as assessed by the robust 
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appearance of a charge transfer complex upon addition of oxaloacetate (26) . As shown in previous binding studies using intact complex II (4, 26, 50) , the charge transfer band reflects that the dicarboxylate aligns along the FAD N5, which causes orbital overlap between the flavin and substrate. A second possibility involves the misalignment of key catalytic residues and takes into consideration that the flavoprotein is a multidomain subunit with the active site located at the domain interface (Fig.  4A) between the flavin-binding and the capping domain. The flavin-binding domain contains the covalently bound FAD cofactor and the majority of the substrate-binding residues. In contrast, the capping domain contains important catalytic sides chains, including residues that stabilize the transition state and shuttle protons during oxidoreduction. Prior X-ray structures of complex II homologs identified that the flavin-binding and capping domains can adopt different interdomain angles (4, 43, (51) (52) (53) (54) , which may be influenced by the identity of the ligand bound to the active site ( Fig. 4A) (55) . From this a model for catalysis was developed where interdomain movement aligns key residues for catalysis (28, 38) . If this mechanism is correct, even if the individual domains of the flavoprotein are correctly folded, catalysis could be inhibited if the capping domain does not close as efficiently or if it closes in a way where the catalytic residues are even subtly misaligned (38) . This could impact one (or both) of two key catalytic properties: (i) proton shuttling or (ii) transition state formation. We first considered the proton shuttle. The proton delivery pathway is absolutely conserved in complex II proteins and homologs (28, 38) , and mutagenesis of residues within this proton shuttling pathway suggests that its proper function is important for high rates of succinate oxidation. Because solvent and kinetic isotope effects show that proton transfer is rate-limiting in both succinate dehydrogenase and fumarate reductase reactions of these proteins (36 -38) , any reduction in proton transfer efficiency would be anticipated to directly impact the overall reaction rate. However, we did not detect significant changes in the substrate and solvent kinetic isotope effects of FrdA and SdhA compared with fully assembled complexes (Table 4 ). This suggests that the proton delivery pathway in the free flavoproteins is not impaired compared with the intact complexes. It may be that a more likely step to be affected is alteration of the properties of the catalytic arginine (38) . In the absence of the iron-sulfur subunit the catalytic arginine is likely more exposed to solvent, which would be expected to increase its pK a (56) and make it a poor proton donor/acceptor. Even small differences in the active site architecture might influence the proton transfer between the conserved arginine thought to be the donor/acceptor during fumarate reduction or succinate oxidation, respectively (38) . This proposal is also consistent with prior studies in NADPH-cytochrome P450 reductase (57) and dihydrofolate reductase, where a combination of structural and computational analyses have shown that subtle changes at the active site, as well as conformational movements of a protein, can profoundly influence the rate of catalysis (58 -60) . The data presented here for the free flavoprotein subunit of complex II are consistent with changes in interdomain movement underlying the reduced catalysis of the isolated flavoproteins.
Why would the isolated flavoprotein subunits have a change in interdomain movement? Although there are no reported X-ray structures of the isolated complex II flavoprotein from any source, our recent analysis comparing the FrdA-SdhE complex to the FrdABCD complex indicates that the iron-sulfur protein partially acts as a regulatory subunit of the flavoprotein and stabilizes the interdomain orientation (26) . This is entirely consistent with the recent observation for a similar binding interaction between E. coli SdhA-SdhE (61). One conclusion of this work was that in the absence of the iron-sulfur subunit, the two domains of the flavoprotein would be more freely flexible. Our kinetic work here would now suggest that this loss of interdomain guiding results in a less frequent sampling of an interdomain conformation that supports productive catalysis. A survey of the complex II homolog structures supports this conclusion. Indeed, it shows that an arginine residue conserved in all iron-sulfur subunits of complex II homologs (i.e. hSDHB R94 or FrdB R58 ) makes numerous hydrogen-bond contacts with the flavin-binding and capping domains of the flavoprotein subunit (Fig. 4B) . It is notable that in the low activity single subunit E. coli LASPO, there is only one hydrogen-bond contact in the LASPO structure (47) in the same region where the iron-sulfur subunit of complex II stabilizes the interaction of the flavinbinding and capping domains (Fig. 4B) . The iron-sulfur protein may also have an electronic interaction with the FAD in the flavoprotein via the proximal redox center [2Fe-2S] in the ironsulfur subunit (40) .
The data in Table 2 and previous studies on the binding of SdhE to E. coli FrdA/SdhA (26) are also consistent with the idea Figure 4 . X-ray structure of porcine complex II highlighting areas of interest. A, porcine SDHA (Protein Data Bank code 3SFD) near the dicarboxylate binding site. The FAD is shown as yellow sticks, the flavin-binding domain is shown in gray, and the capping-domain is shown in pink. Residues known to be involved in catalytic activity are shown as sticks. Oxaloacetate (OA) is shown in green. B, interaction of SDHB with SDHA. The [2Fe-2S] cluster from SDHB is shown as spheres. SDHB is shown in cyan, the SDHA capping-domain is shown in pink, and the flavin-binding domain is shown in gray. Hydrogen bonds from the conserved SDHB R56 linking to residues in the SDHA capping and flavin-binding domains are indicated by the dashed lines.
that the catalytic activity of the flavoprotein can be significantly modulated by binding to a partner protein. For example, succinate oxidation in the intact SQR complex occurs at a rate of 100 s Ϫ1 (Table 2) , whereas when SdhA/hSDHA is associated with SdhE/SDHAF2, the rate is diminished to 0.001 s Ϫ1. This variation in rate of 5 orders of magnitude may reflect evolutionary constraints to inhibit unwanted side reactions that might occur prior to assembly in a mature complex. For example, LASPO and mitochondrial dihydroorotate dehydrogenase can reduce fumarate in addition to their normal substrates (48, 62) . Therefore, it might be possible that the unassembled flavoproteins could gain these off-path reactions that intact complex II lacks. We did investigate whether SdhA, hSDHA, and FrdA, in their free form or in complex with SdhE or SDHAF2, could react with L-aspartate or dihydroorotate but found no detectable activity (data not shown). Thus, we did not find any evidence for moonlighting activity of the free flavoproteins. In addition to identifying a loss of activity in the isolated flavoproteins, one impact of this work is in the bacterial expression of the flavoproteins subunit of human complex II. One notable difference between the bacterial and mammalian proteins was in their response to their covalent FAD assembly factors. In bacteria, SdhE readily dissociates from either SdhA or FrdA once the covalent FAD linkage has formed (35, 63, 64) . By contrast, SDHAF2 binds very tightly to hSDHA, and mild chaotropic agents were needed to dissociate the tightly bound complex. The reason for the very tight binding between hSDHA and SDHAF2 compared with E. coli SdhA/FrdA-SdhE is not known but is consistent with prior reports on the homologous complex from yeast, SdhA-Sdh5. Bacterial SdhE and yeast Sdh5 have identical structural cores (65, 66) with this conserved region thought to be sufficient for enhancing covalent flavinylation. Here we confirm that bacterial SdhE cannot enhance the covalent flavinylation of the hSDHA, yet prior studies revealed that yeast Sdh5 can complement mutations in hSDHAF2 (9) . When the assembly of yeast complex II is perturbed, a complex between SdhA-Sdh5 was found in the mitochondrial matrix (9) . This is consistent with the tighter association we also find for the mammalian proteins. Compared with E. coli SdhE, the mature human SDHAF2 and yeast Sdh5 are ϳ50% larger. For example, the human SDHAF2 is extended by 31 amino acids at its N terminus and 16 amino acids at its C terminus compared with the shorter bacterial SdhE (88 amino acids total). Whether these Nand C-terminal extensions contribute to the tighter binding of the human SDHA-SDHAF2 complex or assist with covalent flavinylation has not yet been determined. This tight association may be needed to protect hSDHA and SDHAF2 from LON-mediated proteolysis (67) .
In, conclusion the findings are as follows: (i) mammalian and bacterial complex II flavoproteins are catalytically highly similar; (ii) the free flavoprotein subunits of complex II have low inherent catalytic activity and thus are not likely by themselves to be an important source of ROS; and (iii) the lower activity of the free flavoprotein subunit compared with the intact complex likely reflects the absence of a partner protein (i.e. the ironsulfur subunit) whose binding is expected to align active site residues to enable more robust catalytic activity.
Experimental procedures
Strains, plasmids, and protein expression
The E. coli strains and the plasmids used in this study are described in Table 1 . To express the mature forms of human SDHA and SDHAF2 lacking the N-terminal mitochondrial transit peptide their respective DNA sequences were optimized for expression in E. coli and synthesized by GenScript (Piscataway, NJ). The synthesized DNA was then cloned into the 5Ј BamHI and 3Ј SalI site of pQE-80L (Qiagen). The resulting constructs have a N-terminal His 6 tag under the control of an isopropyl ␤-D-1-thiogalactopyranoside (IPTG)inducible T5 promoter. The resulting N terminus of the recombinant human SDHA flavoprotein including the His tag was MRGSHHHHHHG-43SAKVSDSISA.
Construction of pQE-hSDHA/SDHAF2. hSDHA and human SDHAF2 were expressed from a single polycistronic transcript that includes an N-terminal His 6 -hSdhA construct under control of a T5 promoter and untagged mature hSDHAF2 that retains the Shine-Delgarno translational enhancer elements from the original T5 promoter region found in plasmid pQE80L. First, pQN-hSDHAF2 was created noting that the sequence of mature hSDHAF2 starts at amino acid 37 (67) . Our construct was cloned into the BglII-SalI site of the pQT vector (pQN-hSDHAF2), and the first two residues are replaced with Met and Arg; thus in our construct SDHAF2 starts with Ser-39. Thus, the N terminus of SDHAF2, which lacks the His tag, was MR-39SPTDSQKDMI. The SDHAF2 N terminus was designed from the work of Bezawork-Galeta et al. (67) , in which it was shown that there is a two-step processing of the SDHAF2 transit peptide.
To make pQE-hSDHA/hSDHAF2, the AatII-Ecl136II fragment of pQE-hSDHA harboring the T5-hSDHA was cloned into the AatII-PsiI site of vector pQN-hSDHAF2. The latter digestion removes the initial portion of the T5 promoter for SDHAF2 so that expression of both genes is from a single T5 promoter. Plasmid pFrdA used to express the tag-free WT E. coli FrdA flavoprotein subunit was constructed as previously described (35) .
DNA manipulations were performed using the QuikChange II XL site-directed mutagenesis kit (Agilent, Santa Clara, CA) with appropriate primers obtained from Eurofins MWG Operon (Huntsville, AL). All mutations and constructs were verified by DNA sequencing (Sequetech, Mountain View, CA).
The E. coli SdhA and FrdA subunits containing an N-terminal His 6 tag were expressed and purified as previously described (35) . The hSDHA was expressed from plasmid pQE-hSDHA/ SDHAF2. E. coli BL21Gold(DE3) cells transformed with pQE-hSDHA/SDHAF2 and the chaperone containing plasmid pKJE7 were maintained in the presence of 100 g/ml ampicillin and 20 g/ml of chloramphenicol throughout cell growth. A 5-ml starter culture was grown overnight in 1 ml of LB-broth containing the antibiotics at 37°C with moderate aeration. The following morning 50 ml of LB medium was inoculated with 1 ml of the overnight culture and growth continued for 5 h at 30°C. The entire culture was then used to inoculate 1 liter of LB media in a 4-liter flask, and growth was initiated at 25°C with moderate aeration. After 1 h the cells were induced with 0.1 mM Complex II flavoprotein catalysis IPTG and grown for 17 h. The cells were then harvested by centrifugation (5,000 ϫ g for 10 min), and the cell pellet was washed one time with 5 mM MgCl 2 and then stored at Ϫ80°C.
Protein purification
His-tagged proteins were purified on Ni-NTA resin (Qiagen). Frozen cells were resuspended in 25 mM HEPES, pH 7.5, with Complete EDTA-free protease inhibitor tablets (Roche Applied Sciences). The cells were disrupted with a Emulsi-Flex-C5 homogenizer (Avestin, Ottawa, Canada), and the cell lysate obtained by centrifugation (120,000 ϫ g for 40 min). The lysate was applied to Ni-NTA gravity column. The column was washed with the equilibration buffer (25 mM HEPES, pH 7.5, 30 M imidazole, 0.5 M NaCl, 10% glycerol), and the His-tagged flavoprotein was eluted with 25 mM HEPES, pH 7.5, 250 mM imidazole, 0.1 M NaCl, 10% glycerol. The eluted fractions containing hSDHA were concentrated on a Centriprep 30-kDa (Millipore) centrifugal filter. The concentrated protein was then diluted 10-fold with 25 mM HEPES, pH 7.5, 50 mM NaCl, 5% (v/v) glycerol and applied to diethylaminoethyl Sepharose fast flow resin equilibrated with 20 mM HEPES, (pH 7.6) and eluted on an AKTA Explorer (GE Healthcare) with a 20 -120 mM NaCl gradient in the same buffer. The eluted fractions containing hSDHA were concentrated as described above and stored at Ϫ80°C. The E. coli FrdA/SdhA proteins were purified as described (35) .
Guanidine HCl treatment
A 3 ml of Ni-NTA (Thermo Scientific) gravity column was equilibrated with 20 mM HEPES, pH 7.5, 25% glycerol, 0.1 M NaCl at 4°C. The purified hSDHA-SDHAF2 complex was bound to the column and washed with the same equilibration buffer used to purify the complex. 20 ml of 1 M guanidine HCl, in the same buffer, was used to wash the column over 40 min. Guanidine HCl was removed by decreasing the concentration (1.0 -0 M) of guanidine HCl in the washing buffer; in 0.2 M step increments and 5 ml for each wash step. Finally the column was washed with the equilibration buffer and hSDHA eluted with 0.25 M imidazole in the buffer. After concentration with Centriprep 30-kDa filters and buffer exchange using the same equilibration buffer, the resulting Gu-hSDHA which was 85-95% free of SDHAF2 was stored at Ϫ80°C.
Optical and kinetic studies
Spectral and kinetic assays were done using an Agilent 8453 UV-visible spectrophotometer. Kinetic studies were performed in 50 mM Bis-Tris-propane (BPT), 0.2 mM EDTA at 30°C. FAD reduction was monitored at 460 nm after manual addition of succinate to the assay cuvette. The succinate dehydrogenase reaction (succinate-DCIP) was determined in the presence of 50 M DCIP, (⑀ 600 ϭ 21.8 mM Ϫ1 cm Ϫ1 ) and various succinate concentrations. Superoxide production was monitored in the presence of 20 M acetylated cytochrome c at 550 nm. Hydrogen peroxide formation was detected at 572 nm (resorufin formation, ⑀ 572 ϭ 54 mM Ϫ1 cm Ϫ1 ) using 10 M Amplex UltraRed (Invitrogen) and peroxidase as previously described (68) . Catalase was added to quench the activity.
Fumarate reductase activity with benzyl viologen (BV)
The reaction was performed anaerobically as described (29) in 50 mM BTP, pH 7.0, at 30°C. Glucose (10 mM) and glucose/ oxidase were added to maintain anaerobic conditions. BV (0.2 mM) was substoichiometrically reduced with sodium dithionite to yield ϳ90 M BV ϩ (⑀ 550 ϭ 7.8 mM Ϫ1 ). Enzyme was added, and the reaction was started with 10 mM fumarate. For the membrane-bound SQR and QFR complexes, 0.05% Triton X-100 was included in the reaction mixture.
Kinetic isotope effects
The effect of solvent deuteration on turnover rates was followed at 30°C. For the solvent kinetic isotope effect of the SQR and QFR complexes, the succinate-ferricyanide reductase assay was used as previously described (23) . The solvent kinetic isotope effect for the isolated SdhA and FrdA was measured by the direct monitoring of flavin reduction as described above. Buffer and substrate solutions were prepared in both D 2 O (Cambridge Isotope Laboratories, Andover, MA) and H 2 O, and corrections for pD ϭ pH meter reading ϩ0.4 were done as described (69) . The substrate kinetic isotope effect using succinate deuterated at positions C2 and C3 (succinic-D4; Sigma-Aldrich) were done in H 2 O containing buffer with succinate-H4 or succinate-D4. The protein containing solutions were equilibrated for ϳ1 min, and the reaction was started by the addition of either succinate-D4 or succinate-H4. The substrate and solvent isotope effects were calculated as a ratio (k H /k D ). pL is defined as where L ϭ H or D.
Determination of FAD reduction potential with indigotetrasulfonate
The reductive titration of SdhA and FrdA were performed spectroscopically according to the method of Massey (70) using the reference dye indigotetrasulfonate (Sigma) (E m.7 ϭ Ϫ46 mV). The reaction was done in 50 mM potassium phosphate, pH 7.0, at 25°C. Anerobic conditions were established in the presence of 10 mM glucose, glucose oxidase/catalase with argon layered upon the top of the cuvette. Indigotetrasulfonate was added to the cuvette to reach A 614 ϭ 0.15. Xanthine (0.3 mM) and 20 M xanthine oxidase were also added to the cuvette. After the addition of the flavoproteins, the reaction was initiated by 20 M benzyl viologen. The spectra were collected over a period of 40 min. The E m values were determined using the Nernst equation for n ϭ 2 for FAD and the dye as described (71) . The absorbance changes corresponding to the reduction of the dye (614 nm) were plotted against those of the flavin recorded at 485 nm, the isosbestic point for indigotetrasulfonate. Two independent titrations were performed.
FAD redox potential determination by equilibrium with succinate/fumarate
The redox potential (E m,7 FAD ) in the E. coli flavoproteins was titrated with the succinate/fumarate couple. The steady-state reduction levels of FAD at each succinate/fumarate ratio were determined by calculating the residual fraction of oxidized FAD (466 -750 nm) and plotting against the redox potential poised by the succinate/fumarate couple (E m ϭ ϩ30 mV, n ϭ 2) cal-Complex II flavoprotein catalysis culated by the Nernst equation. E. coli SdhA or FrdA, 4.5 M, were equilibrated in 50 mM potassium phosphate (pH 7.0) at 25°C. 1 M succinate (pH 7.0) and 1 M fumarate (pH 7.0) were mixed in different ratios at 10 mM total final concentration for the redox titration. A spectrum was recorded when equilibrium had been reached (ϳ2 min). The fully reduced FAD spectrum was recorded after the addition of sodium dithionite. 100% oxidized FAD corresponded to the spectrum obtained in the presence of 10 mM fumarate. The graph (Fig. 3) represents simulation of the Nernst equation with E m ϭ 0 mV. The potential measurements with the succinate/fumarate couple were repeated three times.
In-gel flavin detection
The protein sample was separated by SDS-PAGE using Bio-Rad Any kDa gels. Following separation, the gel was incubated in 10% acetic acid, 20% methanol for 5 min. FAD fluorescence was detected using a Safe Imager 2.0 blue-light transilluminator (Thermo Fisher Scientific). The ImageJ (National Institutes of Health) program was used for quantification of FAD levels and relative protein ratios.
Immunodetection of proteins
Proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes using a Trans-Blot Turbo transfer system (Bio-Rad). Proteins containing a His 6 tag were detected using murine monoclonal anti-His 6 antibody (Aviva Systems Biology; catalog no. OAE00010) and horseradish peroxidase secondary antibody (Thermo Fisher). The tag-free SDHAF2 protein was detected using a rabbit mAb (Cell Signaling; catalog no. 45849). A mAb against hSDHA (AbCam catalog no. ab14715) was also used to detect the mammalian protein.
Analytical methods
Protein concentration was determined by the BCA protein assay kit from Pierce. The concentration of the flavoproteins was determined in 0.5% SDS from the absorbance of the covalent FAD cofactor assuming 1 mol FAD (⑀ 447 ϭ 12 mM Ϫ1 cm Ϫ1 ) per mol flavoprotein (72) . Proteins in SDS-PAGE gels were stained with Coomassie Blue G (Sigma-Aldrich). 
